IMPORTANCE Depression is associated with poor sleep quality. Understanding the neural connectivity that underlies both conditions and mediates the association between them is likely to lead to better-directed treatments for depression and associated sleep problems.
and the anterior cingulate cortex has been described as a region in which genes that control circadian rhythms are dysregulated in depression 9 and in which neurons increase their activity during sleep and disengagement from tasks. 10 Depression is ranked by the World Health Organization as the leading cause of years of life lived with disability. [11] [12] [13] In most countries, the percentage of people with depression during their lifetimes falls within an 8% to 12% range. 11, 13 There is a major personal burden to these individuals and their families of depression as well as a major economic burden. 14 Thus, advances in our understanding of the neural bases of depression, and how they may be associated with poor sleep quality, are key areas for investigation.
In this study, we analyzed the neural association between depression and sleep quality by measuring the associations between functional connectivity between brain areas in the resting state and both poor sleep quality and depressive problems and used a mediating analysis to assess the underlying mechanisms. Resting-state functional connectivity between brain areas, which reflects correlations of activity, is a fundamental tool in augmenting understanding of the brain regions with altered connectivity and function in mental disorders. 15 
Methods

Participants and Data Preprocessing Primary Data Set From the Human Connectome Project
The data set used for this investigation was selected from the March 2017 public data release from the Human Connectome Project (HCP; N = 1200) from the Washington UniversityUniversity of Minnesota (WU-Minn HCP) Consortium. The participants included in this sample were scanned on a 3-T connectome-Skyra scanner (Siemens). The WU-Minn HCP Consortium obtained full informed consent from all participants, and research procedures and ethical guidelines were followed in accordance with Washington University institutional review board approval. The resting-state data were obtained and preprocessed by the HCP with its standardized method, [18] [19] [20] [21] with details provided in eFigure 1 in the Supplement. We emphasize that the participants in this investigation were from the Human Connectome Project and were not selected for their existing symptoms or diagnosis of depression; rather, measures of depressive feelings and behavior were available and were used in these analyses.
Construction of the Whole-Brain Functional Network
After preprocessing, the gray matter of the whole brain was parcellated into 250 regions of interest using the Shen atlas, 22 which has been validated in resting-state functional magnetic resonance imaging (fMRI) studies 23,24 as described in the eMethods in the Supplement. Then the time series were extracted in each region of interest by determining the mean of the signals of all voxels within that region. Pearson crosscorrelations between all pairs of regional blood oxygen leveldependent signals were calculated for each participant, followed by z transformation to improve normality, and the whole-brain functional connectivity network (250 × 250 regions with 31 125 edges) was constructed using 2 scans, as described in the eMethods in the Supplement. Anatomical regions are listed in eTable 1 in the Supplement.
on the Achenbach Adult Self-report for Ages 18-59. 25 Specifically, the 123 items from Section VIII were administered (of which only 2 were on the topic of sleep quality). Then items associated with depressive symptoms were used to generate the raw score. In addition, this stage of data collection included obtaining information from participants on whether they had ever been diagnosed with depression via the question, "Has the participant experienced a diagnosed DSM-IV Major Depressive Episode over his/her lifetime?"
Statistical Analysis Identifying Correlations of Functional Connectivity With Sleep Quality
To investigate the association between functional connectivity and sleep quality (PSQI total score, a very widely used measure of sleep quality that is a good measure of insomnia 1, [4] [5] [6] [7] ), linear regression analysis was used, after removing 14 confounding variables: age, sex, years of education, race (categorized as white or other), handedness, head motion (mean framewise displacement), body mass index (calculated as weight in kilograms divided by height in meters squared), blood pressure (diastolic and systolic), total gray matter volume, total white matter volume, alcohol use, tobacco use, and marijuana use. To take into account the family relationships of the participants in the HCP dataset, the significance for all association analyses in this study was estimated by the permutation analysis of linear models technique 26 in accordance with prior studies. 20, 27 To address the problem of multiple comparisons, the network-based statistic (NBS), 28 a wellvalidated method for brain network association analysis that has previously been used widely in neuroimaging studies, [28] [29] [30] [31] was used to identify and ascribe significance to any connected subnetworks found in the set of significantly altered links found in the group with poor sleep quality (eTable 2 in the Supplement). We considered P < .05 (corrected for multiple comparisons) to be significant.
Correlation Between Sleep Quality and Depressive Score
We first investigated the association between the poor sleep quality measure and the depressive measure (ie, Adult Selfreport DSM-IV Depressive Problems raw score) by partial correlation analysis after removing the 14 confounding variables described. The correlation was highly significant (r = 0.371; P < .001; Figure 1B ). We note that only 2 of the 123 items in the Adult Self Report questionnaire, which are used to calculate the Depressive Problems Score, are on the topic of sleep quality, and so these are unlikely to account for the correlations in this study. Although participants of the HCP data set were not selected to have a psychiatric disorder and most are healthy control participants, the Depressive Problems raw score was a useful indicator of depression, in that 92 participants who reported having been diagnosed with a major depressive episode also had significantly higher scores on this measure.
Cross-Validation Using the UK Biobank Data set
We used a separate large data set (from the UK Biobank) to test whether the analyses of the HCP data are robust. This data set included 8718 participants.
Results
Demographics
The sample used in these analyses included 1017 participants (of whom 546 [53.7%] were female; age range, 22-35 years). Data on the participants, including their sleep and depression scores, are shown in Table 1 . Further details are in eTable 2oftheSupplement. Notably, 92 participants (9.0%) had been diagnosed with a major depressive episode (as defined by the DSM-IV)o v er their lifetimes. These participants had a significantly mean (SD) higher score (7.55 [4.83] points) than the other participants (3.70 [3.07] points; t 982 =−10.8;P < .001) on the Depressive Problems scale.
Functional Connectivity Links Associated With Sleep Quality
There were 162 significant links after NBS correction. Table 2 shows the 60 functional connectivity links that had associations of greatest significance with the PSQI score, including names, supporting statistics, and P values. All are significantly positively correlated with the poor sleep quality assessment. All links that are correlated with the PSQI score are shown in Figure 2 . Many significantly correlated links involved the precuneus, the anterior cingulate cortex, the lateral orbitofrontal cortex, the hippocampus and parahippocampal cortex, and some motor areas ( Figure 2 ; eFigure 2 in the Supplement). The correlation between the sleep quality and the mean strength of these significant functional connectivities is shown in Figure 1A (r = 0.181; P =6. 7×10 −9 ).
Functional Connectivity Links Associated With Depressive Problems Scores and Sleep Quality
In the correlation analysis between functional connectivity, poor sleep quality, and depressive scores, we found that the PSQI score was positively correlated with the Depressive Problems raw score (r = 0.371; P < .001; Figure 1B ). Then a permutation test was performed, which showed that the 162 significant links identified in the correlation analysis with the PSQI score were also significantly correlated with the Depressive Problems score (Table 2 ). Figure 2D shows 39 significant individual links identified in the sleep analysis that are also significantly correlated with Depressive Problems scores. The distribution of brain areas associated with these significant links included the lateral orbitofrontal cortex, the anterior cingulate cortex, and the precuneus, as shown in Figure 2C and eFigure 3 in the Supplement. Furthermore, we found that the mean strength of each of the 39 functional connectivities involved in both sleep quality and the Depressive Problems score (shown in Figure 2D ) was also positively correlated with the Depressive Problems raw score (r = 0.133; P =2.1×10 −5 ; Figure 1C ).
Functional Connectivity Links Associated
With the Depressive Problems Score eFigure 4 and eTable 2 in the Supplement show correlations between the functional connectivities across the whole brain and the Depressive Problems score. Key areas shown include the lateral orbitofrontal cortex, the dorsolateral prefrontal cortex, the anterior and posterior cingulate cortices, and the insula. If the 92 participants who had ever been diagnosed with depression were removed from this analysis, the correlations of some of these areas with the Depressive Problems score were still significant, including the anterior cingulate gyrus and middle frontal gyrus (middle frontal gyrus with right anterior cingulate cortex: r = 0.115; P = .001; left cuneus with left superior frontal gyrus, dorsolateral: r = −0.109; P = .002; right inferior parietal gyrus, excluding supramarginal and angular gyri with left middle cingulate and paracingulate gyri: r = 0.059; P = .01; right middle frontal gyrus with left anterior cingulate cortex: r = 0.059; P = .01; left postcentral gyrus with left inferior temporal lobe: r = 0.059; P = .01; eTable 2 in the Supplement). This provides evidence that some areas can be associated with depressive symptoms even in individuals who had never been diagnosed with depression. However, all of the links involving the lateral orbitofrontal cortex became nonsignificant if this subgroup of 92 individuals was removed (eTable 3 in the Supplement). This was supported by the finding of correlations between the depressive score and many functional connectivities involving the lateral orbitofrontal cortex when only this subgroup of 92 were included. In particular, in this subgroup of 92, correlations were found for the Depressive Problems score for 6 links involving the lateral orbitofrontal cortex (to the left middle frontal gyrus: r = 0.410; P < .001; left supramarginal gyrus: r =0 . 3 77 ; P < .001; left middle cingulate and paracingulate gyri: r =0 .38 5;P < .001; left precuneus: r = 0.430; P < .001; left insula: r = 0.348; P < .001; and to 2 ROIs within the right middle cingulate and paracingulate gyri: r = 0.368 and r = 0.402; P < .001 for both), 7 links involving the anterior cingulate cortex (to the left supplementary motor area: r = 0.446; P < .001; right postcentral gyrus: r = 0.368; P < .001; temporal pole [middle temporal gyrus]: r = 0.338; Depression score
Functional connectivity
A, The correlation between the sleep quality and the mean strength of 162 significant functional connectivities. B, The correlation between the sleep quality and the depressive score. C, The correlation between the depressive score and the mean strength of 162 significant functional connectivities associated with sleep quality. D, The mediation implemented by functional connectivity from the depressive problems score on poor sleep quality (Pittsburgh Sleep Quality Index [PSQI] score; β = 0.0139; P < .001). The total assocation of the Depressive Problems score with the outcome shows that the regression coefficient 32 (β) of the Depressive Problems score on the PSQI score was high when the functional connectivities were not taken into account. The direct association of the Depressive Problems score with the outcome (PSQI score), after controlling for the mediator (functional connectivity), shows some reduction in the regression coefficient when the association of the functional connectivities was removed.
Functional Connectivities in the Brain That Mediate the Association Between Depression and Sleep Quality
Original Investigation Research jamapsychiatry.com (Reprinted) JAMA Psychiatry October 2018 Volume 75, Number 10 1055 P < .001; left inferior temporal lobe: r =0.365;P < .001; left middle frontal gyrus: r = 0.321; P < .001; left middle occipital lobe: r = 0.329; P < .001; inferior frontal gyrus, opercular part: r = 0.373; P < .001), and 1 between the lateral orbitofrontal cortex and anterior cingulate cortex (r = 0.365; P < .001). The evidence from the HCP data set was thus that high lateral orbitofrontal cortex functional connectivities were especially associated with the Depressive Problems score, with this association being especially significant in people who at some point in the past had been diagnosed with depression. In the same 92 participants, other areas with high correlations (all with r values greater than 0.32 and corresponding P values less than .001) with the depressive problems score included the angular gyrus, anterior cingulate cortex, parahippocampal gyrus, and temporal cortex (eTable 3 in the Supplement).
Mediation Analysis
Given that the strengths of the functional connectivities were significantly associated with the PSQI score (β = 5.459 [95% CI, 3.10-7.95]; P =1.2×10 −4 ) and Depressive Problems score (β = 0.0025 [95% CI, 0.00-0.01]; P =6.4×10 −5 ), we assessed 
Cross-Validation Using the Biobank Data set
The association patterns between functional connectivities and sleep duration were very similar in both the HCP and the Biobank data sets ( Figure 3A) . Figure 3B shows a high positive correlation (r = 0.524; P < .001) between the r values for the correlation between the functional connectivity links for the whole brain and sleep duration in the HCP and Biobank data sets. More details are provided in the eTable 5 in the Supplement.
Discussion
This is the first study, to our knowledge, to examine the neural mechanisms underlying the association of depression with sleep, a topic of great interest, with a large sample (n = 1017).
The results show that both poor sleep quality and depressive problems are significantly positively correlated with functional connectivities involving the lateral orbitofrontal cortex, the dorsolateral prefrontal cortex, the cingulate cortex, and the precuneus. Further, a mediation analysis showed that the functional connectivity links between the brain areas identified played a significant role in the association of depressive problems with poor sleep quality. Much smaller associations were found in the reverse direction; that is, the associations of sleep quality with depressive problems mediated by these links were less significant. These findings provides a neural basis for understanding how depression is associated with poor sleep quality, and this in turn has implications for treatment because of the brain areas identified.
Areas in which functional connectivity was associated with depressive problems and their effects on sleep quality included the lateral orbitofrontal cortex, precuneus, and angular gyrus. There is increasing evidence that the lateral orbitofrontal cortex is a key brain region associated with depression. The theory is that it has increased sensitivity in depression of attractor networks activated by not receiving expected rewards (which can lead to sadness and depression).
16,34 Consistently, the lateral orbitofrontal cortex has increased functional connectivity with a number of brain regions, including the precuneus. 17 In depression, the precuneus itself also has increased functional connectivity with prefrontal cortex areas involved in short-term working memory (W. Cheng, PhD, written communication, June 21, 2018). The precuneus is implicated in representations of the sense of self and space and in autobiographical memory. 35 These findings support the theory that the nonreward system in the lateral orbitofrontal cortex has increased influence on areas in which the self is represented, which results in low self-esteem, with the increased connectivity to the prefrontal cortex short-term memory system contributing to the rumination symptoms characteristic of depression.
16,17
Part of the importance of the present investigation is that it provides strong support for a role of the lateral orbitofrontal cortex in depression (eFigure 4 and eTables 2 and 3 in the Supplement). The previous findings 17 were in hundreds of patients with major depressive disorder and healthy control participants in China. The present findings were not on patients selected because of their existing depression but instead were on a general population in the United States in which a tendency to have depressive symptoms could be assessed. Interestingly, when the patients who had at some time been diagnosed with depression were removed, the links involving the lateral orbitofrontal cortex no longer exhibited the threshold level of significance. Moreover, if only the 92 participants who had had a diagnosis of depression were considered, then relatively high correlations with functional connectivities involving the lateral orbitofrontal cortex were found. This helps to cross-validate the findings in the data sets from China in which all these areas have been identified in a network of brain areas with different functional connectivity in depression. 17, 44 This This study found that another brain region strongly associated with the effects of depressive problems on sleep quality is the precuneus. The precuneus is implicated in representations of the sense of self and space and in autobiographical memory. 35, 38, 39 Acute depression is associated with impaired self-referential processing. 40 On the bases of the findings of this study and others, 16,17 we propose that the low self-esteem in depression is associated with increased functional connectivity between the precuneus (which is involved in the representation of self) and the lateral orbitofrontal cortex, which is involved in nonreward and therefore implicated in depression. Another brain region strongly associated with the correlations between depressive problems and sleep quality is the anterior cingulate cortex. Interestingly, the supracallosal part of the anterior cingulate has especially increased functional connectivity with depressive problems and sleep quality and also poor sleep quality, because the supracallosal anterior cingulate has activations associated with punishment and negative emotional stimuli. 41, 42 Through separate analyses, we are assessing the implications that the supracallosal part of the anterior cingulate cortex may contribute to the negative and nonreward emotions in depression and their association with sleep quality and that the supracallosal anterior cingulate cortex has high functional connectivity with the convexity part of the lateral orbitofrontal cortex.
Strengths of the present investigation are the large number of participants (1017), leading to robust findings; cross-validation with an independent data set; the mediation analysis, which links the findings to recent advances in understanding brain mechanisms associated with depression 16, 17 ; and the inherent interest of the findings to a wide readership.
Limitations
Several limitations are considered. Most participants were healthy controls, and the depressive score was used as an indicator of depressive symptoms, not formal diagnosis; however, we did demonstrate a high correlation between the Depressive Problems score and whether a person had at some time been diagnosed with depression. We note that there is a strong association between depression and poor sleep, in that the correlation found in this study between the Depressive Problems score and PSQI score was high (r = 0.371, P <1.0×10 −10 , Figure 1B) ; however, this does not address the directionality of the association, which could be in both directions. Indeed, we note that poor sleep quality also may have an effect on depression, as shown by the mediation analysis. We note that the causal relations between sleep and depression is an important topic that deserves much further investigation. 2 
Conclusions
Although previous studies have found changes in patients with depression in some of the regions of interest identified in this study, including the precuneus and angular gyrus, 43 this is to our knowledge the first study to examine the neural mechanisms underlying the associations of depressive problems with sleep quality and to associate sleep quality with functional connectivity in a large sample of participants. A strength of this investigation is that the effects are likely to be very robust, given the large sample of participants with resting-state fMRI and the cross-validation with the UK Biobank data set with a sample of 8718 participants in one of its first uses of resting-state fMRI data. The understanding that we developed in this study is consistent with areas of the brain involved in short-term memory (the dorsolateral prefrontal cortex), the self (precuneus), and negative emotion (the lateral orbitofrontal cortex) being highly connected in depression, which results in increased ruminating thoughts that are at least part of the mechanism that impairs sleep quality. 
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eMethods. Materials and Methods Primary dataset from the Human Connectome Project
The dataset used for this investigation was selected from the Mar 2017 public data release from the Human Connectome Project (HCP, N = 1200), WU-Minn Consortium. Our sample includes 1017 subjects (ages 22-35 years, 546 females) scanned on a 3-T Siemens connectome-Skyra scanner. Two resting state fMRI acquisitions on different days were used. The four resting-state runs of approximately 15 minutes each were acquired in separate sessions on two different days, with eyes open with relaxed fixation on a projected bright cross-hair on a dark background. The WU-Minn HCP Consortium obtained full informed consent from all participants, and research procedures and ethical guidelines were followed in accordance with the Institutional Review Boards (IRB). The demographic characteristics of participants are summarized in Table 1 . More details of subjects, the collection and preprocessing of the data are provided at the HCP website (http://www.humanconnectome.org/). Briefly, data pre-processing was carried out using FSL (FMRIB Software Library), FreeSurfer, and the Connectome Workbench software. All the data preprocessing procedures were performed by the human connectome project (HCP) as described in 1 . The data preprocessing included correction for spatial and gradient distortions and head motion, intensity normalization and bias field removal, registration to the T1 weighted structural image, transformation to 2 mm Montreal Neurological Institute (MNI) space, and the FIX artefact removal procedure 2, 3 . Finally, the head motion parameters are regressed out and structured artefacts are removed by ICA+FIX processing (Independent Component Analysis followed by FMRIB's ICA-based X-noiseifier 4, 5 ). The data preprocessing pipeline developed by FMRIB (Oxford University Centre for Functional MRI of the Brain) used here has been widely used in resting state fMRI studies 2,6-8 . The first 20 volumes were discarded to suppress equilibration effects and participants without the full 1200 time points in four resting-state runs were also removed from the following analysis. The resulting time courses were used for the construction and analysis of the brain network.
Cross-validation dataset: the UK Biobank dataset
The initial release of UK Biobank imaging data was used for cross-validation and consisted of 9850 subjects (ages 46-78 years, 5155 females) scanned on a single standard Siemens Skyra 3T scanner. After quality controls and removing some participants without behavioral data, 8718 participants remained in this study. The UK Biobank received ethical approval from the research ethics committee (REC reference 11/NW/0382). The present analyses were conducted under UK Biobank application number 1954. Written informed consent was obtained from each subject. The demographic characteristics of participants are summarized in Table S5 . The details of the image acquisition are provided at the UK Biobank website in the form of a protocol (http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=2367). All the quality checking and data preprocessing procedures were conducted by the UK Biobank and the details of the preprocessing are available on the UK Biobank website (http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=1977) and elsewhere 9 . Briefly, the following pre-processing was applied: motion correction; grand-mean intensity normalization of the entire 4D dataset by a single multiplicative factor; high-pass temporal filtering (Gaussian-weighted least-squares straight line fitting, with sigma=50.0s); EPI unwarping; gradient distortion correction unwarping. Finally, the head motion parameters are regressed out and structured artefacts are removed by ICA+FIX processing (Independent Component Analysis followed by FMRIB's ICA-based X-noiseifier 4, 5 ). Basically, the parameters and data preprocessing procedures are very consistent in both datasets which make the UK Biobank dataset useful for cross-validating the findings described here based on the HCP dataset.
Construction of the whole-brain functional network
After preprocessing, the whole brain (gray matter) was parcellated into 250 regions of interest (ROI) using the Shen atlas 10 which has also been validated in resting state fMRI studies 11, 12 , with further details below. Then the time series were extracted in each ROI by averaging the signals of all voxels within that region. The names of the ROIs are listed in Supplementary Table 1 and the modified atlas is also provided on the website: http://www.dcs.warwick.ac.uk/~feng/. (This is a standard parcellation scheme, which provides a usable number of different divisions for statistical purposes when differences between regions are being investigated, and includes a useful parcellation of the orbitofrontal cortex.). The Pearson cross-correlations between all pairs of regional BOLD signals were calculated for each subject followed by z-transformation to improve normality, and the whole-brain functional connectivity network (250×250 region-based network with 31,125 edges) was constructed. Finally, the mean functional connectivity across two scans (each scan containing left to right and right to left phase encoding directions) was used for the following analysis to provide a more reliable estimation of functional connectivity.
To address the problem of multiple comparisons, the network-based statistic (NBS) 13 which is a well-validated method for brain network association analysis and has previously been used widely in neuroimaging studies [13] [14] [15] [16] was used to identify and ascribe significance to any connected sub-networks evident in the set of significantly altered links found in the poor sleep quality group (see Supplementary Material). The NBS has been described in detail previously 13 . In brief, a primary threshold for each link-based r value was set to the stringent criterion of p<0.001 13 , corresponding in this study to an absolute r > 0.103, and used to identify a set of supra-threshold links. Any connected components in these supra-threshold links and their size (the number of links) were then determined. Finally, a FWE-corrected p-value for each component was calculated using the null distribution of maximal connected components which was derived empirically using a nonparametric permutation approach (10,000 permutations).
The rationale for use of the Shen atlas
The parcellation of the brain used in this investigation was the Shen atlas 10 , which was found to be useful in this investigation because it has more areas than the AAL2 (automated anatomical labelling version 2) atlas 17 . Since the parcellation of the orbitofrontal cortex in the Shen atlas is less useful than the AAL2 atlas, we modified the Shen atlas so that it includes the AAL2 parcellation produced by Rolls et al 17 of the medial orbitofrontal cortex areas (OFC_med, OFC_ant, OFC_post, Rectus, and OLF) and lateral orbitofrontal cortex areas (OFC_lat and Frontal_Inf_Orb2). Because the Shen atlas areas do not have individual names, we show the mapping of Shen atlas areas to AAL2 atlas areas in Table S1 , and use these names when referring to particular brain areas and their functional connectivity. The AAL2 atlas is available with MRIcron (http://people.cas.sc.edu/rorden/mricron/).
The parcellation maps provided as part of the HCP 8 utilize independent component analysis (ICA) to parcelleate the brain and have been used in many studies. However, for the following reasons, we chose to use the Shen atlas rather than HCP atlas.
1. The parcellation maps provide by the HCP group are based on an ICA method which is a data-driven method. Therefore, different datasets would provide different parcellation maps. However, in the current study, we used another independent dataset (the UK Biobank) to cross-validate the findings driven by the HCP dataset. If we used the HCP atlas in our analysis, it would be difficult to perform this very valuable cross-validation analysis.
2. One of the important findings is that many significant results are related to the orbitofrontal cortex, and this brain area is not well defined in the HCP atlas.
3. The Shen atlas 10 was also created based on resting state fMRI data and has been validated in resting state fMRI studies 11, 12 which are consistent with the current work.
Cross-validation using the UK Biobank dataset
We used another separate large dataset (the UK Biobank dataset) which included 8718 participants to test whether the above findings are robust and generalize to another population. Given there is no PSQI score in the Biobank dataset, we selected another important measure of sleep, the amount of sleep (sleep duration), which is available for both datasets to test whether the FCs identified in these two datasets are similar. Specifically, linear regression analysis was used to test whether the associations between the amount of sleep and functional connectivity are similar in these independent datasets. This approach is supported by the fact that a correlation of -0.51 was found between the PSQI total score and the sleep duration in a large study involving 1039 participants 18 . The average sleep duration (for a 24 hour day in the last 4 weeks) which is high negatively correlated with the PSQI score (r = -0.574, p < 1.0×10 -80 , Fig. S5) , was used to test whether the FCs identified in these two datasets are similar. The association patterns between FCs and sleep duration are very similar in both the HCP dataset and the Biobank dataset (Fig.  3A) . Fig. 3B shows that there is a high positive correlation (r=0.524, p< 1.0×10 -30 ) between the r values for the correlation between the functional connectivity links for the whole brain and the sleep duration based on the HCP and Biobank datasets. Further, a Fisher's test also confirmed the correlation (p<10 -10 ). Then a permutation test showed that the 162 significant links identified in Fig. 1B were also negatively correlated with sleep duration in the Biobank dataset (p = 2.0×10 -4 ). Further, we found that 89 out of the 162 significant links were also significant after FDR correction (p<0.05) in the Biobank dataset. This cross-validation analysis thus provides evidence that the sleep-related links described here can be confirmed with an independent dataset.
Mediation Analysis
Given that the strengths of the functional connectivities were significantly associated with the sleep quality measure (PSQI) score and depressive score, we assessed whether the functional connectivities significantly mediated 19 the association between the depressive problems score and the PSQI score. The mediation analysis 19 was performed using the Mediation Toolbox developed by Tor Wager (https://github.com/canlab/MediationToolbox), with a 10,000 bias-corrected bootstrap sample for significance testing. The independent (predictor) and dependent (predicted) variables were the depressive score and the sleep quality measure, respectively. The proposed mediator was the strength of functional connectivities associated with sleep quality. Mediation analyses controlled for the 14 confounding variables described in the main paper.
The mean strength of the 39 significant functional connectivities shown in Fig. 1D involved in both poor sleep quality and depressive problems significantly mediated the relationship between the PSQI score and depressive problems score (Fig. 2D , path AB) (4.8% of the total effect size, = 0.0139; p = 2.1×10 -5 ; 95% CI, 0.01 to 0.03). This provides evidence that the 39 functional connectivity links may account for this proportion of the relation of poor sleep quality on depressive problems.
Further, we also performed the same analysis on each individual functional connectivity link. We found that all 39 links significantly mediated the relationship between the PSQI sleep quality and the depressive problem score (using FDR correction, p<0.05, Table S4 ). In the reverse direction, only 2 links significantly mediated effects of sleep quality on depressive problems with FDR correction. Further, the mediating effects of the 39 functional connectivities of the effects of the sleep quality on the depressive problems had much lower significance (3.4% of the total effect size, =0.016, p=0.0095, Fig. S4 ) than for the effect in the opposite direction described above. In other words, the increases of the 39 functional connectivities shown in Fig. 1D mediated the effect of depressive problems on sleep quality, and the effect was weaker in the opposite direction.
We note that the functional connectivities only partially mediated the association between the depressive score and the PSQI score, with 4.8% of the total effect being mediated by these functional connectivities (Fig. 2D) . Factors that may contribute to the remaining 95.2% include higher firing rates of neurons in brain areas related to depression on brain areas involved in sleep. Have to get up to use the bathroom; 0=Not during the past month, 1=Less than once a week, 2=Once or twice a week, 3=3 or more times a week. PSQI_Breathe: During the past month, how often have you had trouble sleeping because you... (d) Cannot breathe comfortably; 0=Not during the past month, 1=Less than once a week, 2=Once or twice a week, 3=3 or more times a week. PSQI_Snore: During the past month, how often have you had trouble sleeping because you... (e) Cough or snore loudly; 0=Not during the past month, 1=Less than once a week, 2=Once or twice a week, 3=3 or more times a week. PSQI_TooCold: During the past month, how often have you had trouble sleeping because you... (f) Feel too cold; 0=Not during the past month, 1=Less than once a week, 2=Once or twice a week, 3=3 or more times a week. PSQI_TooHot: During the past month, how often have you had trouble sleeping because you... (g) Feel too hot; 0=Not during the past month, 1=Less than once a week, 2=Once or twice a week, 3=3 or more times a week. PSQI_BadDream: During the past month, how often have you had trouble sleeping because you... (h) Had bad dreams; 0=Not during the past month, 1=Less than once a week, 2=Once or twice a week, 3=3 or more times a week. PSQI_Pain: During the past month, how often have you had trouble sleeping because you... (i) Have pain; 0=Not during the past month, 1=Less than once a week, 2=Once or twice a week, 3=3 or more times a week. PSQI_Other: During the past month, how often have you had trouble sleeping because of... (j) Other reason(s), as described in 5j. pt2 0=Not during the past month, 1=Less than once a week, 2=Once or twice a week, 3=3 or more times a week. PSQI_Quality: During the past month, how would you rate your sleep quality overall? PSQI_SleepMeds: During the past month, how often have you taken medicine (prescribed or \"over the counter\") to help you sleep? PSQI_DayStayAwake: During the past month, how often have you had trouble staying awake while driving, eating meals, or engaging in social activity? PSQI_DayEnthusiasm: During the past month, how much of a problem has it been for you to keep up enough enthusiasm to get things done? PSQI_Comp1-7: the PSQI components. eFigure 2. Brain areas with functional connectivities related to both the sleep quality (PSQI) and the ASR DSM Depressive Problems scores from the HCP analysis. The color reflects the number of correlated links in each of the 250 areas in the atlas by Shen et al 10 . All of the links are positively correlated with the Depressive Problems score, and details are shown in Table  S4 . There were 39 such links (shown in Table S4 , significant with NBS correction, p<0.05). eFigure 3. Brain areas with functional connectivities related to the ASR DSM Depressive Problems scores from the HCP analysis. The significance value for the links to be included is p<0.005 uncorrected. The color reflects the number of correlated links in each of the 250 areas in the atlas by Shen et al 10 . Most of the links are positively correlated with the depressive problems score, and details are shown in Table S2 . eFigure 4. The Shen atlas areas with functional connectivities related to sleep quality. There were 162 such links significant with NBS correction, p<0.05. All of the links are positively correlated with the sleep quality index (PSQI). The data here correspond to those in Fig. 1A . The amygdala is not included as a separate area in the Shen atlas, but does have FC related to sleep quality as shown here. 10 . A link positively correlated with the Depressive Problems score indicates that the functional connectivity of that link is positively correlated with the Depressive Problems score. The brain area names used are those for the corresponding AAL2 area as shown in Table S1 . A Shen area in BA 12 has been included in OFClat. The functional connectivities of the lateral orbitofrontal cortex areas (OFClat, OFClat2, and Frontal_Inf_Orb2) were especially related to depression, in that removing the 92 participants who had ever been diagnosed with depression (leaving the column headed 'Participants who had never been diagnosed with depression') decreased the absolute value of the correlations by 0.036, whereas this removal decreased the correlation for the other functional connectivity links by only 0.023 (p=0.053) 
